Two-point hot-wire measurements of streamwise velocity were performed in the logarithmic and wake regions of turbulent pipe flow for Reynolds numbers, based on pipe diameter, ranging from 7.6 × 10 4 to 8.3 × 10 6 at four wall-normal positions with azimuthal probe separation. The azimuthal correlations were found to be consistent with the presence of very large-scale coherent regions of low-wavenumber, lowmomentum fluid observed in previous studies of wall-bounded flows and were found to be independent of changing Reynolds number and surface roughness effects. At the edge of the logarithmic layer the azimuthal scale determined from the correlations was found to be similar to that observed for channel flows but larger than that observed for boundary layers, inconsistent with the concept of a universal logarithmic region. As the wall-normal position increased outside the logarithmic layer, there was a decrease in azimuthal scale relative to that of channel flow. Using cross-spectral analysis, high-wavenumber motion was found to grow azimuthally with wall-normal distance at a faster rate than the low-wavenumber motions.
Introduction
Turbulent wall-bounded flows can be classified as being either external or internal, depending on the boundary conditions. Some of the simplest (and most widely studied) examples are the flat plate boundary layer, fully developed rectangular channel flow and fully developed pipe flow. The different boundary conditions create slightly different flow behaviour in each case; in zero-pressure-gradient boundary layers momentum is lost to wall shear, and the flow continuously develops streamwise, whereas (after sufficient development length) the streamwise pressure gradients in pipe and channel flows balance the wall shear, and the flow is fully developed. Differing boundary conditions also lead to differences in the structure of turbulence in the outer layer of the wall flow, the most prominent being the intermittency resulting from entrainment of irrotational free stream fluid into the boundary layer.
Recent flow visualizations, numerical studies and particle image velocimetry (PIV) investigations have expanded our knowledge of coherent structures in wall flows and demonstrated the existence of asymmetric and symmetric hairpin vortical structures (see for example Head & Bandyopadhyay 1981; Robinson 1991; Meinhart & Adrian 1995) . These structures are believed to grow through merging with other hairpin structures of similar scale (Tomkins & Adrian 2003) with the oldest and largest structures extending as far as the wall layer height δ.
Single hairpin structures have also been observed to spawn trailing hairpin structures, which tend to travel at the same convective velocity (Zhou et al. 1999) . Termed 'vortex packets', these groups of hairpin structures have a streamwise scale of approximately 2-3δ and have been associated with the bulges of turbulent fluid at the edge of the wall layer, also described as 'large-scale motions or LSMs', by Kim & Adrian (1999) , Guala, Hommema & Adrian (2006) and Balakumar & Adrian (2007) . The streamwise alignment of the hairpin structures within the packets induces long, narrow regions of low streamwise momentum (Adrian, Meinhart & Tomkins 2000; Ganapathisubramani, Longmire & Marusic 2003; Tomkins & Adrian 2003; Hutchins, Hambleton & Marusic 2005) .
Very large-scale regions of low streamwise momentum more than 20δ long have also been observed in the logarithmic and wake regions of wall flows, although spanwise/azimuthal meandering of these regions makes it difficult to determine their typical streamwise extent (Hutchins, Ganapathisubramani & Marusic 2004; Hutchins & Marusic 2007a; Monty et al. 2007) . Referred to as 'superstructures' (Hutchins & Marusic 2007a) or 'very large-scale motions (VLSMs)' (Kim & Adrian 1999; Tomkins & Adrian 2005; Guala et al. 2006; Balakumar & Adrian 2007 ) these structures are much longer than the sub-layer streaks and scale on outer variables. They are believed to be associated with the long streamwise modes observed in DNS data at large spanwise wavenumbers (Hoyas & Jiménez 2006) . Although it has been proposed that these VLSMs are caused by pseudo-streamwise alignment of hairpin packets (Kim & Adrian 1999) , it has also been suggested they could be formed by linear or nonlinear instabilities (e.g. DelÁlamo & Jiménez 2006) .
Spectral analysis of the VLSMs indicates that they have a non-negligible contribution to the turbulent kinetic energy and Reynolds stress production (Guala et al. 2006; Balakumar & Adrian 2007 ) which separate them from the inactive motions proposed by Townsend (1976) . Careful analysis of DNS data has also revealed the footprint of the outer-scaled VLSM within the inner-scaled inner layer (Hoyas & Jiménez 2006; Hutchins & Marusic 2007a,b) .
Most of the previous work investigating the spanwise scales of LSMs and VLSMs has concentrated on smooth-walled boundary layer and channel flows. However, the particular boundary conditions experienced in pipe flow may be expected to change the nature of the azimuthal scales of these motions. For example in channels and boundary layers the spanwise scale determined from the spanwise correlation (which contains contributions from both LSMs and VLSMs) increases monotonically with wall-normal position up to the maximum of δ or half the channel height, whereas geometrical considerations in pipe flow imply that spanwise scales cannot increase in the same way.
To investigate the azimuthal structure within pipe flow, Monty et al. (2007) used a rake of hot-wire probes and found that at the outer edge of the logarithmic region the azimuthal scale was nearly identical to that determined from similar measurements in channel flow. The measurements were confined to a single wall-normal position in the pipe, and hence the change in azimuthal scales with wall-normal distance could not be investigated.
Therefore, the objective of the current study is to investigate the wall-normal dependence of the azimuthal scale of the large-scale and very large-scale structures within the logarithmic and wake regions of pipe flow for a large range of Reynolds number based on pipe diameter D from Re D = 7.6 × 10 4 to Re D = 8.3 × 10 6 , where Re D = D U /ν; U is the area-averaged velocity, and ν is the kinematic viscosity. As well as providing the opportunity to investigate the Re D dependence over a much larger range of Reynolds numbers than previously studied for pipe flows, we will also examine the influence of wall roughness on large-scale and very large-scale features in the outer layer. In addition, the relationship between these large-scale and very large-scale features will be investigated using cross-spectral analysis.
Experiment description
2.1. Experimental facility The experiments were conducted using the Princeton University/ONR Superpipe, which is described in detail by Zagarola (1996) and Zagarola & Smits (1998) . The facility consists of a closed return-pressure vessel containing a long test pipe downstream of flow-conditioning and heat-exchanging sections (figure 1). By driving air compressed up to 200 atm through the test pipe, fully developed pipe flow is generated over a wide Reynolds number range, from 3.1 × 10 4 to 3.5 × 10 7 . For the current experiments the test section consisted of commercial steel pipe with an average inner diameter of 129.84 mm and an overall length of 200D. The interior surface finish of the pipe had a root mean square roughness height of k rms = 5 μm. Its equivalent sand grain roughness k s was 1.6k rms . For further details see Langelandsvik, Kunkel & Smits (2008) .
Instrumentation
Measurements were performed using two single-sensor hot-wire probes with platinumplated tungsten wires of 2.5 μm diameter and 0.5 mm sensing length. Both probes were mounted onto a custom-designed traversing system positioned 196D downstream of the pipe inlet, with the probe sensors aligned in the azimuthal direction. The traversing system was designed such that a single probe could be positioned at a fixed wallnormal location, while a second probe at the same distance from the wall could be rotated to an arbitrary angular separation θ. The second probe was driven at a 1:1 gear ratio by a high-resolution (0.45
• per step) stepper motor, located outside the test pipe and operated in half-step mode, resulting in an angular resolution of ±0.23
• . At the wall-normal positions at which measurements were performed, the corresponding resolutions in probe separation were 1.8 × 10 −3 D, 1.6 × 10 −3 D, 1.4 × 10 −3 D and 9.8 × 10 −4 D. The traverse geometry is illustrated in figure 2 . Also shown are the orientations of the radial r and wall-normal directions y, the angular separation θ and azimuthal separation distance s = r θ.
The frequency response of both probes was always greater than 65 kHz. The anemometer output was filtered at 30 kHz (fourth-order Butterworth filter) and digitized at 60 kHz using a 16-bit simultaneous sample and hold A/D board (National Instruments PCI-6123). Additional digital filtering at 10 kHz was performed during post-processing to eliminate electrical noise introduced by the traverse stepper motor. By comparing the data before and after digital filtering, it was concluded that no significant bias was introduced by this additional filtering. Probe calibration was performed in situ before and after each measurement run using a Pitot probe located at the pipe centreline. The mean velocity at the probe radial position was determined from the mean centreline velocity, using the velocity profile and wall shear stress data of Langelandsvik et al. (2008) at identical flow conditions. Coefficients determined from least squares fit of the calibration data to King's law (using an exponent of 0.45) were then used to convert the measured bridge voltages to the effective velocity measured by the probe U (t). When compared to previous results measured in the same facility under the same flow conditions, this calibration technique yielded second-order statistics that agreed within 10% in the worst case to the previously measured values.
To assess the uncertainty introduced by the traverse mechanism through flow blockage and eccentricity of the probe traverse path, the variation of the mean and fluctuating velocity components measured by the two probes was examined with changing s. Since the fixed probe should measure the same time-averaged statistics for all s, any changes in velocity statistics measured by this probe can be assumed to be caused by changes in the blockage introduced by the traversing apparatus. Furthermore, using the coarse assumption that the proximity of the probes to each other is the primary source of probe blockage (and thus blockage affects each probe approximately identically), an estimate of the magnitude of the eccentricity in the path of the traversing probe can be determined from the difference in time-averaged statistics when comparing the results from the two probes. The estimated combined uncertainty from the effects of traverse blockage and eccentricity is provided in figure 3 .
To assess the possibility that the measurement apparatus distorted the structure of turbulence, the energy spectra measured by the two probes were compared at the minimum and maximum s. These auto-spectral densities, pre-multiplied using outer-layer scaling, are shown in figure 4 at Re D = 1.4 × 10 6 for each measured y/R. The form of the energy spectra does not depend on either the probe measurement position or which probe is performing the measurement. There is, however, some dependence of the amplitude of the energy spectra between the probes which could be attributed to the effects of traverse blockage and eccentricity. Since the azimuthal and wall-normal scales of the structures of interest in this study are on the order of 0.5R, these small distortions in the flow field should not affect our conclusions regarding the behaviour of these structures.
Measurement conditions
Measurements were performed at Re D = 7.6 × 10 4 to 8.3 × 10 6 , encompassing the hydraulically smooth, transitionally rough and fully rough flow regimes. Langelandsvik et al. (2008) determined the surface conditions to be transitionally rough for 1.4 . k s u τ /ν . 18 and fully rough for k s u τ /ν & 18. Table 1 shows the flow parameters for each Reynolds number used in the current study.
At each Re D , data were taken at four wall-normal positions: y/R = 0.1, 0.2, 0.3 and 0.5. Based on the results of Langelandsvik et al. (2008) , the measurement position of y/R = 0.1 is considered to be within the log layer. Data at y/R = 0.2 may be at the outer edge of the logarithmic region, although the outer boundary of the logarithmic region is difficult to define. The remaining two measurement locations are considered to be fully in the wake region. For each y/R, 180-s samples were taken with the traversing probe positioned at 31 to 33 azimuthal separations. Traverses were made unidirectionally from the minimum probe separation of s = 3.1 mm (limited by the probe geometry) to the maximum angular separation allowed by the traverse geometry of θ = 130
• .
3. Results and discussion 3.1. Correlation coefficient Azimuthal profiles of the correlation coefficient were calculated according to
where the overbar indicates a time average and u = U − U . The resulting azimuthal profiles of correlation coefficient are presented in figure 5 . The profiles are consistent with those previously reported for pipe, channel and boundary layer flows (see for example Hutchins et al. 2005; Monty et al. 2007 ). Most noticeable is the region of negative correlation occurring in the range 0.3 / s/R / 1.3 that is attributed to the coherent motions. Figure 5 shows that this negative region occurs for all measured y/R with the magnitude of the negative portion of the correlation at y/R = 0.1, almost half that observed at y/R = 0.3 and 0.5. As will be shown later, this change in the magnitude of negative ρ is caused by variations in the relative contribution of the VLSM and LSM to ρ. The correlations, and therefore the structures, are reasonably Re D independent, as observed by Hutchins et al. (2005) for boundary layers and Monty et al. (2007) for pipe flows. They also appear to be relatively insensitive to roughness, consistent with the rough-wall boundary layer investigations of Wu & Christensen (2007) and Volino, Schultz & Flack (2007) . To visualize the variation of ρ( s) with wall-normal position and to illustrate how the azimuthal scales relate to the pipe geometry, isocontours of ρ( s) are shown in figure 6 . This figure further illustrates the similarity of the azimuthal correlations over a Re D range spanning two orders of magnitude and surface roughness conditions varying from hydraulically smooth to fully rough. Ganapathisubramani et al. (2003) introduced a spanwise width scale l z , defined as the range of spanwise displacement where ρ( s) > 0.05, to help summarize such correlations as those shown in figure 5 . The spanwise width scale determined from figure 5 is compared to previous measurements for boundary layer, channel and pipe flows in figure 7(a) (adapted from figure 6a in Monty et al. (2007) with additional data), where δ represents the height of boundary layer, half-height of the channel or pipe radius respectively.
Although there is considerable scatter, particularly at y/R = 0.2, the spanwise width scales of the pipe and channel flows were found to be similar within the logarithmic layer, but both were twice that observed in the boundary layers. Note that, since the motions scale on outer variables, they therefore depend on the type of flow (boundary layer, channel or pipe). Also, the azimuthal scales contributing to l z within the log layer are influenced by these outer-scale motions, resulting in a measurable contribution to the Reynolds stresses (Guala et al. 2006; Balakumar & Adrian 2007) , so the differences observed in the scaling of l z within the logarithmic layer are inconsistent with the notion that the turbulence structure within the logarithmic layer at high Reynolds numbers is universal.
For y/R > 0.2, the azimuthal width in pipe flows decreases relative to the width observed in channel flows. This reflects the increased spatial constraints imposed in pipe flow as y approaches R. The strong influence of geometry on the azimuthal scales is further illustrated in figure 7 (b), which shows that when scaled by the local pipe circumference, l z grows approximately linearly with y/R.
3.2.
Cross-spectra Two-point correlations, such as those shown in figure 5, contain contributions from motions over a wide range of scales which, through the averaging process, can obscure the azimuthal scale of LSMs and VLSMs. Hence, to investigate the dependence of the two-point correlations on streamwise wavenumber k, the one-sided cross-spectral density G, was calculated from
where F indicates the Fourier transform of the velocity signal, and * indicates a complex conjugate. Bendat & Piersol (2000) show that
where Re indicates the real component. Thus, the quantity
can be defined such that Ψ (0, k) = Φ(k), the auto-spectral density measured by the fixed probe. Thus, Ψ ( s, k) can be thought of as the wavenumber distribution of the correlation coefficient at azimuthal separation s. Isocontours of pre-multiplied cross-spectral density using outer layer scaling kRΨ , are shown in figure 8 at Re D = 1.4 × 10 6 for each measured y/R. The corresponding pre-multiplied auto-spectra measured by the fixed probe are also shown. Only results at Re D = 1.4 × 10 6 are shown in figure 8, since similar results were observed at all Reynolds numbers.
The pre-multiplied auto-spectra in the current results are consistent with those previously reported by Kim & Adrian (1999) . The most notable feature is the presence of two distinct peaks at kR ≈ 0.3 − 0.8 and kR ≈ 2 − 5, which have been attributed by Kim & Adrian (1999) to the distribution of VLSMs and LSMs respectively. For convenience, the terms VLSM and LSM will also be retained here to describe the motions at the corresponding spectral peak which will be considered to indicate the most common wavenumber of the motion. Although both peaks decrease in energy with increasing y/R, the energy contained in the VLSM peak decreases at a faster rate. Thus, within the logarithmic layer the VLSM peak is more prominent than the LSM peak, and within the outer layer the reverse is true.
The isocontours shown in figure 8 reveal a large region of negative Ψ within a range of s corresponding to the probe separation at which the negative values are observed in the cross-correlation results (figure 5). The azimuthal separations at which this negatively correlated region occurs decrease with increasing wavenumber.
At the measurement location closest to the wall, y/R = 0.1, the spanwise scale of the negatively correlated region shows no clear delineation between the VLSMs and LSMs, but there is a noticeable inflection point in the positively correlated values at approximately the same wavenumber as the inflection point in the corresponding auto-spectrum. The widest structures at this wall-normal position occur at streamwise wavenumbers associated with the VLSM peak. At this wavenumber, the negative Ψ values are centred at s/R ≈ 0.5, which coincides with the azimuthal location of minimum ρ( s) observed in figure 5 and by Monty et al. (2007) . Thus, the present results clearly connect the streamwise VLSMs described by power-spectrum analysis (Kim & Adrian 1999; Guala et al. 2006; Balakumar & Adrian 2007) to the azimuthal/spanwise scale of 'superstructures' found using correlations and conditional averaging (see for example Hutchins & Marusic 2007a,b; Monty et al. 2007) .
As wall distance increases, the energy contained within the VLSMs decreases relative to that contained within the LSMs. Correspondingly, the negatively correlated region at the LSM wavenumbers grows azimuthally and becomes distinct from that of the VLSM wavenumbers, resulting in the appearance of two separate regions of values negatively correlated by y/R = 0.5. Simultaneously, as y/R increases, the azimuthal scale at LSM wavenumbers approximately triples relative to the scale at LSM wavenumbers at y/R = 0.1, reflecting azimuthal growth of the LSM. For the same y/R range, the distribution of negative Ψ at VLSM wavenumbers appears to be independent of wall-normal distance.
An attempt to separate the contribution of the VLSM and LSM to ρ was made by spectral filtration of the cross-correlation, using
where ρ vl contains the contributions to ρ primarily from the VLSM, and (3.6) contains the contributions primarily from the LSM. The values of k cut depend on wall-normal position and were selected using the location of the inflection in the corresponding auto-spectrum (as evident in figure 8 ). Here k cut is considered to be a wavenumber below which the VLSM have the greatest energy contribution and above which the LSM have the greatest contribution. The selected values for k cut R were 1.5, 1.2, 0.8 and 0.6 for y/R = 0.1, 0.2, 0.3 and 0.5 respectively. The resulting azimuthal distributions of ρ vl and ρ l for all measured wavenumbers are compared to the azimuthal distribution of ρ in figure 9 . In general, the magnitude of ρ vl is larger than that of ρ l except at small very small s, where there is an increased contribution to ρ from small-scale motions. Figure 9 clearly shows differences in the azimuthal and wall-normal dependence of the VLSM and LSM. Figure 9 also highlights the observation that any width scale determined from the cross-correlation is not a good indicator of the width of either VLSM or LSM because the contribution of each type of motion to ρ varies with wall-normal position. At y/R = 0.1, where the VLSM has more energy than the LSM, the VLSM provides the greatest contribution to the cross-correlation, whereas at y/R = 0.5, the energy contained in the LSM relative to that contained in the VLSM increases to the point at which its corresponding contribution to ρ is approximately equal to that of the VLSM. Note that the increase in azimuthal width of the LSM, combined with the increased energy contained within them, causes the increase in the magnitude of the negative ρ values with the y/R observed in figure 5.
Coherence function
To further investigate and quantify the differences in behaviour of the azimuthal scale of the VLSMs and LSMs, a coherence function γ ( s, k) is introduced as where Φ(0, k) is the auto-spectrum measured by the stationary probe, and Φ( s, k) is the auto-spectrum measured by the traversing probe. Due to axi-symmetry, Φ(0, k) = Φ( s, k) within experimental error (see figure 4) . Note that γ retains the negative values of coherence, whereas the more commonly used coherency squared function utilizes the absolute value of the cross-spectrum, and hence the negative values of coherence are lost. These negative values of coherence are a useful indication of the existence and azimuthal scale of coherent structures. This coherence function was used to compare the azimuthal scales of motion at the wavenumbers of the LSM and VLSM peaks, determined from the corresponding auto-spectrum as indicated by the broken lines in figure 8 for Re D = 1.4 × 10 6 . Note that although the LSM and VLSM occur over a range of streamwise scales, the wavenumber at the peaks in the auto-spectrum were selected to characterize each type of motion. At the wavenumbers of the peaks, the corresponding motion is the most energetic, and its contribution to γ will therefore be the maximum. As shown for all Reynolds numbers in figure 10, these wavenumbers were found to be y/R dependent and qualitatively similar to the results of Kim & Adrian (1999) and Guala et al. (2006) . Figure 11 shows the azimuthal distribution of γ ( s, k) at the VLSM peak wavenumber. As could be expected from figures 8 and 9, the overall appearance of the γ distribution is very similar to that of ρ( s) (shown in figure 11 using a solid line), but the magnitude of γ was found to be greater than ρ( s) at the same azimuthal separation, reflecting the reduced influence on γ (when compared to ρ) by motions at streamwise scales other than that of the VLSM. Outside the logarithmic layer (y/R > 0.1), there is very little change in the γ distributions with wall-normal distance, indicating little change in the azimuthal scale of the VLSM. Figure 12 shows the azimuthal distribution of γ ( s, k) at the LSM peak in the auto-spectrum. Note that at y/R = 0.1, the LSM peak was not clearly defined for most of the Reynolds numbers (as evident in figure 8a for Re D = 1.4 × 10 6 ). Since the wavenumber of the LSM peak was found to show little Re D dependence, at y/R = 0.1 the azimuthal distribution of γ for all Re D values was determined at the LSM wavenumber found for Re D = 7.6 × 10 4 , which had a clearly defined peak. The overall appearance of the azimuthal distribution of γ at the LSM peak wavenumber in figure 12 is similar to that observed at the VLSM peak wavenumber shown in figure 11 , although the magnitude of γ is reduced for the LSM. As also shown in figure 9 and unlike the previously noted behaviour of the VLSM, there is a strong y/R dependence evident for the LSM. The y/R dependence of the azimuthal scale of the VLSM and LSM structures can be quantified and compared through definition of the spanwise width scales l vl and l l which, following the definition of l z , are defined as the azimuthal separation over which γ > 0.05 at the VLSM and LSM peak wavenumber respectively. See figures 13(a) and 13(b). The azimuthal scale of the VLSM was found to be larger than the LSM at all y/R, but the ratio of their sizes decreases with wall distance: at y/R = 0.1, l vl /l l ≈ 2, and at y/R = 0.5 the ratio decreases to about 1.2 ( figure 13b ).
This decrease in relative size is clearly due to the faster growth rate of the LSM with y/R (figure 13a). As the wall distance increases, however, the rate of growth of the LSM decreases, and l vl /l l appears to asymptote towards unity.
Previous researchers (see Zhou et al. 1999 for example) have observed that hairpin vortices can group into packets of streamwise aligned hairpins which travel at a common convection velocity. Within the logarithmic layer these hairpin packets can contain a wide range of scales, with only the oldest and largest of these structures persisting into the wake region, where they appear as turbulent bulges in the outer layer.
It has also been proposed that when these packets of hairpin vortices become streamwise aligned, they result in the very long, low-momentum regions of the superstructures/VLSMs (Kim & Adrian 1999; Adrian et al. 2000; Guala et al. 2006) . If this were the case, it may be expected that the azimuthal scales of the LSMs and VLSMs would be similar at all wall-normal positions. The current results, however, show that the VLSMs are almost twice as wide as the LSMs at y/R = 0.1 and are still 25% larger at y/R = 0.5. This disparity of the spanwise scales is inconsistent with the streamwise alignment of several hairpin packets being the source of the VLSM, unless only the largest hairpin packets in the wake region (y/R > 0.5) align to produce the VLSM. In pipe flows, it would seem that the largest hairpin packets have a higher probability of alignment than the smaller packets because of increased azimuthal confinement at large y/R. The counter-rotating legs of these largest hairpin packets would then induce the VLSM at smaller y/R wall heights. This 'top-down' behaviour is supported by the outer scaling of the correlations and the relative insensitivity of the azimuthal correlations to the roughness conditions within the pipe. Hutchins & Marusic (2007b) have shown that the VLSM motions can be detected even within the buffer region. This influence of the outer-scaled VLSM near the wall could contribute to the poor scaling of the Re D dependent near wall peak of u 2 /u 2 τ when scaled on inner variables (see Morrison et al. 2004 for example) .
Such a top-down imposition of the VLSM could also explain the difference in azimuthal or spanwise scales within the logarithmic layer observed between the internal channel/pipe flows and the external boundary layer flows. As observed by Monty et al. (2007) , for internal flows hairpin structures have been found to regularly project further into the outer layer than the boundary layers (Ganapathisubramani et al. 2003) , which could result in azimuthally larger hairpin packets within the outer layer. This result would, in turn, create larger VLSMs. If alignment of these largescale, outer-layer structures are the source of the VLSM, then the resulting VLSM imposed within the logarithmic layer can then be expected to be of wider scale for pipe/channel flows relative to the spanwise scale of the VLSM within the boundary layer.
Azimuthal meandering of the VLSM as observed by Hutchins & Marusic (2007a) and Monty et al. (2007) must also be considered when interpreting the results. Given sufficient magnitude, such meandering could cause the VLSM to appear wider in the cross-spectral analysis. This artificial increase in the azimuthal scales would have a greater effect on the VLSM relative to the LSM due to their longer streamwise length scale and hence would cause the VLSM to appear wider in time-averaged statistics. To investigate the potential influence of meander on the statistics, the synthetic eddy analysis of Hutchins & Marusic (2007a) was repeated using 200 ensembles of 50 structures having azimuthal width of 0.5R and normally distributed streamwise length scale of maximum length 20R. Cross-correlations were calculated of synthetic eddy velocity fields with imposed peak to peak meandering amplitudes of 0R, 0.5R, 1R, 1.5R, 2R, 3R and 4R. As shown in figure 14 , there is a negligible effect on the cross-correlations, and it appears that the difference between the azimuthal scales of the VLSM and LSM cannot be attributed to wandering of the superstructures. The disparity in wall-normal behaviour of the azimuthal scales of LSM and VLSM also supports the possibility that the LSM and VLSM are independent entities, suggesting that the VLSM could arise from nonlinear instabilities arising during transition to turbulence (DelÁlamo & Jiménez 2006) . Further support for this possibility is evident in the Reynolds number independence of the correlation coefficients (figure 5) and the slight positive correlation, reflecting possible periodicity, at large azimuthal separation and low Reynolds number seen in the isocontours of figure 6. Eckhardt et al. (2007) note that coherent structures arising from instabilities in transitional pipe flow can produce two to five low-speed streaks symmetrically arranged about the circumference of the pipe. The periodicity observed in figure 6 at Re D = 7.6 × 10 4 has a wavelength of approximately a third of the circumference, within the range cited by Eckhardt et al. (2007) .
Conclusions
Two-point velocity measurements were performed over the Re D range 7.6 × 10 4 to 8.3 × 10 6 , spanning hydraulically smooth, transitionally rough and fully rough flow regimes. Over this range, little Re D dependence was observed in the azimuthal correlation of streamwise velocity, in accordance with previous results for boundary layer and pipe flows (seen respectively in, Hutchins & Marusic 2007a; Monty et al. 2007 ). The azimuthal scale was also found to be independent of surface roughness, which is in accordance with the expectations based on Townsend's (1976) hypothesis.
Cross-spectral analysis of the velocity signals measured by the two probes indicated that the auto-spectral peaks associated with the VLSM and LSM by Kim & Adrian (1999) , Guala et al. (2006) and Balakumar & Adrian (2007) were connected to the azimuthal and spanwise scales of the superstructures identified using cross-correlation and conditional averaging by Hutchins & Marusic (2007a,b) and Monty et al. (2007) , amongst others.
At the outer edge of the logarithmic layer, the azimuthal width scale determined from azimuthal correlations of streamwise velocity showed good agreement with the values previously found in both channel and pipe flows. However the difference in the spanwise scale between the internal and external flows is inconsistent with the hypothesis that the structure of turbulence within the logarithmic region is universal.
In the wake region, the azimuthal width scale was found to be smaller than that of channel flows because of increased geometric confinement. The azimuthal scale of the LSM also increased with wall-normal distance, approaching that of the VLSM which remained comparatively constant within the uncertainty of the measurements as wall distance increased. This result indicates that if the VLSMs are caused by the streamwise alignment of packets of hairpin vortices, only the largest and oldest of these packets align to create these motions. Disparity between the azimuthal scales of the LSM and VLSM could support the possibility that the VLSM arise from linear or nonlinear instabilities within the turbulent flow.
